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-APPENDIX A& ®

A.l. Mixing Study Results

.

An ideal completely mixed reactor was assumed (mixed
wliquor) for material balances and model development. Any
departure from reactor idéality was determined by acc?pted

Stimulus—response tracer methods (see wmethods; Levenspiel, ..

1972). B : -
Stimulus—response studies for the DSFF reactor system

were carried  qut at HRT of 0.9, 3.0 and 15.0 days. Results

. obtained were compared with the tracer curve for a completg'

—

- - S
mixed reactor, which is described by Eg. A.1l:

where C measured concentration of tracer, DPM mL—2

Co = initial tracer concentration, DPM mi—*"
t = time, h : '
- ta = mean hydraulic residence time, h

}Results~plctted in Figure A.1 indicate né discernible
deviation of the experimental tracer response frén theor—
ﬂétical predictions. Results at fhe two extemes of HRT teétf'
ed indicaégd no large differences; indicatiﬁg ideal amixing

" throughout the operating range tested. In all mixing tests,

tracer recovery was in excess of 90 percernt.
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4 U@ day RT 1
"o 15.8 day HRT - s

14 o £.9 dayHRT . 4

3

Tigure 4.1 Tritium tracer curves for DSFF reactors operating at different HRT.
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APPENDIX C
- - -
10 RESTCRE N
20 CLS:PRINT:PRINT:PRINT : . .
IO PRINT ~ - DYNAMIC SIMULATION PRCGRAM FOR ANAERQOBIC DSFF REACTOR *
40 PRINT LA 2 L L A, '+¥64++4**4++4***ff******t?*********i"
=0 REM , ‘
60 REM PROGRAM OWNED BY K. KENNEDY ANZ R. DROSTE
70 Rem,
80 \::M QSFF SIMULATION WITH ACID FORME EX AND “_IHHNE FORMERS DIF“ERENT;AT;D INT
HE MIXED LIQUCR AND BIOF: L” ' >~
Q0 REM
100 REM AT OR ATT = AT nHCFHENT RATE -
10 REM DAT OR DATT = DETACHMENT RATE : )
- 120 REM FOQ = FLOW RATS D TA STARTUP RUN 1 REACTOR A ‘
130 REM . ‘ ;
150 DIM AT(4),DAT(3) ,FCC(TS) ' ‘
1S0O REM ’ e

120 REM COMPOSITICN-OF MICROORGANISMS Céh'"ﬂ&. (HNDRENS AND GRAEF, 1972

17C REM Y(1) & YP(1) = ACID FORMERS IN MIXED LIGUCR, MOLES/L '

180 REM Y(2)i% YP(D) = ACID FCORMERS .ON BRI G";LH MOLES/L . '
190 REM ¥Y(2) % YP(D) = METHANE FCRMERS IN MIXED LIGUOR, MOLES/L .
200 REM Y(3) & YP(&) = METHANE FCRMERS ON BIOFILM, MOLES/L )
210 REM Y{S) % YP(S) = PRIMARY SUBSTRATE (C5&H1Z0s), MOLES/L

220 REM Y(&) % YP (&) = INTERMEDIATE SUBSTRATE (AC_J.C ACID), MOLES/L

220 REM .

240 DIM (6),YP(é)TSAVEY(éJ,DH'(&) FI&) ,¥X (6 * )
zs Tl =O:AT(")—.O¢:QT{3)=.1:“"(4)—.‘-DA:(4)-0 DAT(2)=.05:DAT(3)=.1

<60 FSA=.0Z7777:FXA=0: FXM=0: FEM IE-11:DAT(4)=. 2:FRR (1) =. &= EQQ("}' S:FAR(SYI=.001:
FGL'#)= OOL:FQGR(S)=.8::FQD¢5) =1 . tERR(TY=00 L FRR(B) =25

270 FRG(9)=2.S:Fa0{10)=. QOLl:FROC: J=L00L:FAR(IZI =, 001:FRO(1I)Y =3 L2IFQR(ISY=2.S:FC
leq)—u.u-rgak‘é)—u.q.PGQ(l/)-‘ SiFQR(LE =2 4 FER(19)=2.8 '

280 ruC(“D‘—U.Q':Cu(ZI)*V.S'—DQ(”"‘?4./'EDC(ZZJ—q./.FQG(_4)—g.b F“Q(“S)=4.6:FQG(
28 =S . FOR(ZTY=C.S: FEQ(2g) = «1IFO0(ST ) =6.2:FOR(30) =4, 2

IF0 FRO(T1)=6.5:F00¢ C2)=6.SFR0(TTI=T.4:FRO(S 4 =B.2:FAR{IS)=8.3: FRQ (I&) =8. 599999
'FCC(UJ)=E.u99°°°'rDC(u8)—8.g999°9-=cm(”?) < SO99FPIFRA(S0) =9, . = .

SO0 FOQ{&1)=101:F20 (4 2)=9.8:FRR (S J“-O.Q.FQQ(4»)"'O.U.FQQ(4 J=l0 4 FRR(S4Y =105
ruExwi}-I:!: C(4G)_1_-U-PHC\49J—61'FCQ(¢0)=I:-: . -

Hr

~ 4 "

-
EY

<10 FAnl=s: =1:.-.FCC(=“)=‘w.~.rum(=")= 1. S FRRISS) =13 . 2: FRQISS) =12, S: FOQ(SE) .
é:FGC(‘”)—.u.z.rLC(uaJ—-u.4 FOQ(Se)=1T.2:FAR(60) =12
SIC FRE(&L) =12.8:FR0(&2)=1T !'=QQ(ﬁu)=12.9:FQG(a4)=1:.9:=QQ(65 I:FDQ(bo)-Iu.-
SFORQ(STI=IT.T:F FRO(&EI =131 :F0Q(69) =14 :FOGR(TO) = S.3 . -
So0 FOQR(T12=14.2:FR0(T2)=14. 4+ rQ”(zu)=l4 Z:FRA(TEY=14.5 tFRQ(7S)=19!:FOR(7TH)=15":
FLQ(//)*lS SIFRRTE)=1S.3:FaR(79)=15"
<0 REM

Su REM UMAXA = MAXIMUM SEESCZIFIC GRCWIH RATE CF ACID FORMERS
—&0 REM LMAXM = MAXIMUM SPECZIFIC EROWTH RATE OF METHANE FORMERS
=70 REM HKSA = SATURATION COESF. FCOR ACID FCRMERS
<30 REM HKSM = SATURATION CCEFE. FOR METHANE FORMERS

= DECZAY RATE OF ACID FORMERS ‘
400 REM HKEDM = DECAY RATE OF METHANE FORMERS
4.0 REM GRCWTH CONSTANTS IN 23 CFILM AND MIXED LIDUQR WERE THE SAME

4320 LMAXA = T2S: UMAXM = [ 195: HKSA = -00133: HKSM = .0025: HKDA = .04 HKDM

= .02 '

= REACTOR VOLUME,L ’ ’

! -
460 REM YXAS = YIELD CF ACID FORMERS FRCM SUBSTRATE, MOLE/MOLE
£70 REM YXAM = YIELD OF METHAS FCRMERS FRCM SUBSTRATE, MCOLE/MCOLE
420 REM H = TIME INCREMENT

TIEIT My e e it - ——— RS, A e e Ao - ——— - el R T T
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Sul REM FRES = INVLG: rielluiGENGY : 244
S10 REM EFF = 3I0FILM EFFICIENCY FACTCR L
€20 REM. -
S0 V0L = TT.S8: YXAE = LD YEMA = [QT0: H = J0S: YXARS = (I-YXAEIxZ
Sa0 FREA = T7Q:EFF = L
S50 DEFINT I-M:LPRINT CHRF( : WIDTH "LPTi:z",tI2 .
Se0 NEG = & .
570 FOR T =1 70 4
530 DATT = DATI(T) -
590 FOR U = 1 7O 4 .
&0 ATT = ATWY . _ :
610 Y(1) = ,0TTI: Y(Z) = 0 Y(T) = .005S3: Y(3) =.0: Y(5) = .00135: Y(&) =.0016
B20 X=Y ) ' ' . '
60 LPRINT USING "FXA = #8. #ape~~~s M/L "3FXAS
&40 LPRINT USING " FXM = R BBRSESSSN MUY FRM
&S0 LPRINT USING "FSA = H#. HERBH NN M/L";FSAs
660 LPRINT USING " FSm = ##. BREHS~SSS M/LYFSM ) '
670 LPRINT USING "ATT = $#. 44484 1/DAY ":1ATT: . .
&80 LFRINT USING - DATT = ##.4%8%4 1/DAY “;DATT
650 LFRINT USING “"UMAXM = 44, RS 1/DAY"; UMAXM;
700 LPRINT USING " | UMAXA = #. SR8y 1/DAY" ; UMAXA =
710 LPRINT USING "HKDA = Hi. HHHY 1/DAY"; HKDA;
720 LPRINT USING * _ HIKDM = B HRHY 1/uQY“°HVDH
730 LPRINT USING "HKSA = HE. RS H/L"‘HKSH,
740 LPRINT USING " HKSM = -f#. #HEEes ML HKSM
750 LPRINT USING "YXAS = $4, Huny M/M" 3 YXAS;
7560 LPRINT USING " YXMA = $#, H8ay MM YXMA
70 LPRINT USING “VOL = B4 44 L *;VvOLs
780 LPRINT USING " HRT = WH. B8R D  *;HRT
7590 LPRINT USING "YXARS = _##. #4484 M/M" 5 YXAAS: : . -
BOO LPRINT USING EFF = H4. HHuH = EFF:LPRINT:LPRINT: ICOUNT
= 0 . - . "
810 REM
820 REM SPECIFIC GROWTH RATE. OF ACID FORMERS = UA .
820 REM SPECIFIC GROWTH RATE OF METHANE FORMERS = UM I '
840 REM METHANE PRODUCTION RATE = QCHS .
8S0 REM :
5§60 LPRINT " T FQ XAS XAF Ms XMF
A SM ua UM QcHa"
g70 LPRINT " D L/D G/L 6/L B/L G/L
G/L G/L i/D 1/D GM_/D " '
880 LPRINT Moo= e e e - T Pt == == L I Tt ] =E==ammEs=Tm=rs
890 UA ﬂ(UMAXQ*Y(q)/(HKSH+Y(¢)))?EFF
900 UM-=(UMAXM*Y (8) / (HKSM+Y (&)) ) #EFF
910 YX(1) = Y(1)*180
920 YX(Z) = Y{(2)*180
IO YX(T) = Y{I»#180 L
940 YX(4) = Y(4)#180
50 YX(S) = Y(S)#180 ‘ ‘ - ’
Sa0  YH{&) = Yoy *e0 T o
Q70 LPRINT USING ".##a~"~"" ";X,FD,YX(I),YX(:),YX(SJ,YX(4)1XX(S),YX(é),UA:
G800 LPRINT USING ".###~"~""~" ;UM | :
990 FOR V = 1 TO 79
1000 FQ = FRO(W) -
1010 HRT =VvOL/FQO =
1020 M=0
1030 REM CALL RUNGE-KUTTA SUBROUTINE
1040 REM
1050 GOSUB 13S0 . -
1060 IF LRUNGE <> ! GOTO 1190 ,,//
1070 REM COMPUTE INTERMEDIATE VALUES ’
1080 YP(1) = (FQ/VOL*(FXA=Y (1))} +{UA-HKDA) Y (1) —ATT*Y (1) +DATT*Y (2)
1090 YP(D) = (ATT*Y(1))—(DATT*Y (2)) + { (UA-HKDA) *Y ()
1100 YP(3) = (FR/VOL*(FXM=Y(3I)) )+ {UM—HKDM) +Y (3) —ATT#Y (Z) +DATT+Y-(4)
1140 VE AN =4 FATY AW I ™YV a ITAOT N 2 L T N Y



20 IF Yt_:‘, LE U ImEN YANZy = o ’ ’ 21'.5 '

130 YP(S) =. (FR/VOL#*(FSA-Y(S)))=(UA- HKDA) #Y (13 /YXAS— (UA-HKDA} #Y (2} /YXAS A
1130 IF Y(&) <= O THEN Y(&) = O ,
1150 YPi&) = (Fu/VOL*(rSH—Y(c)))—(UH—HKDH)*Y(U)/YXHH—(UH ~HKDM) *Y (&3 /Y XMA+ (UA—HKD
A *Y (L) JYXAS#YXAAS+ (UA-HKDA) #Y (D) /YXAS+YXAARS ‘

1160 UM = (UMAXA*Y (S) / (HKSA+Y (S) ) ) #EFF : . .

1170 UM =(UMAXMaY (&) / (HKSM+Y (&) ) ) *EFF ‘

1180 BOTC 1050

1150 ICOUNT = ICOUNT + -1 —

1200 REM - ' e o

1210 REM PRINT RESULTS OR RECALL RUNGE-KUTTA SUBROCUTINE

1220 REM : A : : ‘
1220 IF ICOUNT <> FREQ 60OTO 1020 ' i
1240 ICOUNT = O | o | : .
1250 QCHS = (FR/VOL#FSA*180) —((180#Y (S) )+ (L0#Y (&) )+ (Y (1) #180-YX (1)) +(Y(2)*180-YX
(2))+ (Y (3} #150=YX(3) )+ (Y (4) #1B0=-YX (4)) F#FQR/VOL .
1250 YX(1) = Y(1)#180 !
1270 YX{(2) = Y(2)#180 ‘
1280 YX(3) =_Y{3)#1E0 . . x
1290 YX(4) = Y13)»180 \§\ \ K

1300 ¥YX(S) = Y(S)*IBO. '

1310 ¥YX (&) = Y (&)*&0

g

1220 LPRINT USING ".###~~~~ “;X,FQ,YXCIE,YX(:)?VX%:LLIi(4),YX(S),YX(é),UALUM,Q'
CH& . . : . . : :

1330 NEXT-V,U,T .

1340 REM ====z=== = ==== z===Se== _‘=¥ ———————— ==
1550 REM RUNGE-KUTTA SuBRDUTINE / ;

1360 M = M+t o
170 ON M GOTO 1380,1400, 1790 1540,1610
1TE0 LRUNGE = 1 \

1590 ‘RETURN - .
1890 FOR J = 1 TO NEQ
1410 SAVEY(J)Y = Y(3) ) . _ )
1420 PHI(I) = YP(J) : ) K
1330 Y(J) = SAVEY (J)+.S#H#*YP (J) : .
1450 NEXT J - :

450 X = X+.S#H

1460 LRUNGE = 1

1470 RETURN

1280 FOR 5 = 1 TC NEQ .
1890 PHI(J) = PHI(I)+2'#YP(J)

1500 Y(J) = SAVEY (J)+.S#HaYP (J)

1810 NEXT J - ‘ _ -
1520 LRUNGE = 1 : ‘ -
15350 RETURN _ . _ - \ - ' ’
1540 FOR J = 1 TO NEQ '

. _ -
1SS0 PHI(J) = PHI(J)+2!#YP(J) _ : : . .

1S40 Y(J) = SAVEY (J)+H#*YP () , - e
1570 NEXT J . . N
S50 X = X+.S+H _ - o . ';5=

1590 LRUNGE = 1§ -
1500 RETURN :

1510 FOR J = 1 TO NER .

16870 Y(3) = SAVEYI{J)+(PHI(I)+F(J))*H/&

1620 NEXT J S , : '
1640 LRUNGE = 6’*\ , ’ T L
1880 M = O ) : :

1660 RETURN . - ..

1670 END : ) ' -
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APPENDIX D

-~

Di. Organic Carbon Mass Balance

Organic carbon mass balances were made during startup

and steady state reactor operatfnn. - Organic carbon mass

batances -are useful because they give additional support to°

experimenfalAdata by.aeping as a crassécheck mechanism.
DSFF reactors behéyed similar to a CSTR in térmsAof mixed
liqqor cop aqg‘it ’was assumed fhat-biofilm sanp;es_ were
representative of the whole biofilm.

Mass' balances an organic carbon during steady state
DSFF reactor operatioa were assesse& i1 the following
manner : carbon in =.soiub;e carben (COD) in thé effluent +

"insoluble carbon in the effluent +‘gaseous methane produc-

<tioﬁ + methéne dissolved in the éffluent. +. accumul ated
organic carbon in the DSFF. reactor (biomass). -

| "Carboh in” was ealculated by_multiplying the infi;ent
con concentration~by the flow rate. "Carbon in" is express-—
ed as g COD d~* as are all other entries. “Soluble‘eifluent
carbon” and "insoluble effluent carbon” are the products of
soluble Cﬂb and insoluble COD multipiied-times' the flow
rate, respecfively. "Baseous methane production” was cal-
lc&lated by aultiplying daily gas production by the per-—
centaée_of methane as determined by gas chroﬁatngraphy, and

then converting this quantity to its COD equivalent.
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J
Methane can be converted to a COD equivalent by the re-—
lationship that at 0°C and one atmosphere, one gram of COD

is equivalent to 350 ml of methane. This relationship can

Be further modified for temperature effects by the following

gas law relationship between temperature and gas volume.

h Y

T-gp

v-tp. = ‘vt

T

H

where Vaep Gas volume at standard temperature (O=C) and

pressure (1 atm.)

Ve = BGas vql‘Pe at operating temperature.
Teew = Standard temperature in degrees' Kelvin.
. ,

T = Temperature in degrees Kelvin.

Using the above relationship, one gram of soluble o))

is equivalent to 394 mL of methane at 35=C assuming a stand-

ard pressure of ;ne-atmcsphere.

“Metﬁane in the -effluen;“ déscribes_rate of loss of
dissolved.methane in the effluent stream. The rate of loss
of dissolved methane is the produ;t of methane solubility at
35 °C .and one atmosphere (0.032 L of methane (stp)L—2* of ef-

fluent; Switzenbaum, 1978) and waste flow in litres per day.

—r—

This assumes that effluent is safurated uith methane i sc;—
utiogn. The voluge bf dissolved gas is thgn converted fo its
COD equivalent.

"Accumulated organic carbon” accounts for solids accum—

ulating in the reactor. This was determined measuring the
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difference between successive biofilm biomass measuregents

and then ‘dividing by the number of days ,between measure— .

ments.

The -‘sum Df‘ the five pfev}ously mentioned columns is
equal tao the "total ca}bon aut”™ and is compared to "total
carbon in®“. |

Carbon balances during DSFF reactor startup were deter-—
mined similaély to the above éxcept that a daily cumulative
. mass balance uas.made.

A sample organic carbon balance calculation follows::
Organic carbon balance equation:

Carbon ‘in = scluple carbon in effluent + insoluble

carbon in effluent + gaseous methane .
production + amethane dissolved in effluent

+ accumulated carbon in the DSFF reactor
EXAMPLE DATA: HRT = 0.7 dy, Sa = 2.5 g L2 QDD

1. Carbon in : multiply influent substrate concgnt?ation by
flow rate.
2.5 g L-* COD x 32 L d—* = 80 g COD d-—*

2. Soluble carbon in effluent = multiply soluble effluent
COD concentration by flow rate.
0.515 g L=* COD x 32 L d~* = 16.5 g
COD d-t

3. Insoluble carbon in effluent: multiply soluble effluent

COD by flow rate.
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0.146"g L=t €OD x 32 Ld*=4.7g -
CoD d-3 T ol
Gaseous methane prﬁduction:- multiply amount of gas
produced b9 percent of meghane; then convert
to COD equivalent. - ' \j;yﬁ ,
29.0 L gas d—* x 61 % methane = 17.7 L B
1 methaﬁe d—*
17.7 L methane d—* = 44.9 g COD d—=
-(ilgram COD- equals 394 mL of methane)
Hethaﬁe dissolved in effluent: multiply dissolved
methane concentration by flo: rate,
effluent is saturated with dissolved methane’
at aconcentration of 32.8 mlL methéne =2
0.0328 L methane L% x 32.8 L d—2 ‘= 1.05 L
hethane’(stp)_d—1
1.05 L methane (Stp) d‘—1 7/ 0.35 L
- - methane g CUD—* = 3.0 g COD g-*
Accumulated. carbon in DSFF reactor: difference betueeﬁ
. two successive bicfilm biomass measurements;
then convert ta COD eﬁuivalent ‘ .
at HRT = 1. d, Sa = 2.5 g CDD L—*, biomass
. ‘= 3.19 g VS L~2; at HRT = 0.7 d,.é, =
2.5 g COD L-2, biomass = 3.44 ngFS L—a
Difference = 0.27g VS L—=
0.27 g VFS.L=* x 1.42 g COD g VFS—* x 2?.4.L

/ 36 d = 0.24 g COD d-*



. Total COD out

A

Total €0OD in

#1 = 80 gtcap d—*

#2 + #3 + R4 + 5 + #6

16.5 + 4.7 + 45.0 + 3.0 + 0.24

Ratio In/Cut = 80.0/69.4 = 1.14°

o

&9.4

254
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. APPENDIX .

El. Determination of Biofilm Thitk s

TES* ' ‘VFS3*
g cm™ biofilm g cm~= biofilm
0.0515 = . . 0.0400
- 0.0486 0.0363
- 0.0441. . 0.0314
Q.0500 0.0383
0.0620 ' 0.0478
0.0682 0.0527 .
0.0400 0.04446 -
Q.0895 0.0382 ' ‘
0.0343 ) 0.0460 -
0.0542 0.0428 ’
0.0676 - 0.0510 ‘ :
0.0728 0.0578 . T
0.0577 ¢.43558 A
0.0552 0.0428 L o
average 0.0558 . 0.0443
standard | )
deviation 0.00&2 ' " 0.0048

1 Based on 30 ml biofilm sample.

Biofilm thickness was calc;;;Led based on the average

volatile solids mass per unit volume of biofilm. A sample

calculation foilbus:

EXAMPLE DATA: HRT = 0.7 days, Se = 2.5 g L™* sucrose

Biofilm thickness = reactor VFS concentration divided by
average volatile solids mass per unit volume of biofilm
divided by reactor surface area to volume ratiao.

Le = 3.28 kg VFS m—= / 44.3 kg VFS. m™= / 735 a®m—=

Le

0.00057 m
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. APPENDIX F

A
- Fi. Measurement _of Biofilm Hethanogenzc Activity Dur:ng
Startup
Time Initial rewmoval Initial substrate Correlation
" rate . : concentration coefficient
d g acetate L—1d—2 g acetate L-‘
REACTOR A
4 .
12 . Q.250 ' 1.292 0.976

k = 0.38 gCOD gVFS—3d—2

19 ///’ 0.170 F{ 0.051 . 0.997

0.219 . . 0.096 0.997
- 0.278 \ 0.135 0.995
0.37r __—7 0.258 ' 0.991
0.380 1.280 0.998
: k = 0.40 gCOD gVFS—3d-2
K = 0.061 gCOD -2
Correlation coefficient = 0.999
' ¢3= 0.81
26—  0.667 . 1.342 0.991
' "k = 0.67 gCAD gVFS—3id—*
33 0.336 0.055 0.992
0. 409 ‘ 0.093 ) 0.989
0.439 ' 04127 0.994
0.823 0.241 “ 0.991
1.072 - 1.417 o 0.999
k = 0.70 gCOD gVFS5—1g-2
K = 0.173 gCOD
Correlatxon coefficient = 0.9%7 -
#/= 1.21
47 0.0460 , C.051 0.990
' 0.558 0.102 0.993
0.623 0.141 C.993
0.878 & 0.257 *0.995.
o 1.644 1.379 0.979 °
) k = 0.96 gCQD gVFS—ig—2
. * K = 0.267 gCOD L
Correlation coefficien t = Q. 994
7= 1.24
&0 - 0.323 . 0.052 0.991
0.461 - 0.099 0.990
o-goz - 0.135 © 0.998 .

sy



0.914 0.250 0.992
¢ 2.832 1.305 0.997
k = 1.54 gCOD gVFS—*d—-12
K = 0.945 gCOD (—2
Correlation coefficient = 0.975
$r= 1,27
73 0.392 '0.045 0.994
0. 482 0.091 0.990
0.647 0.128 0.986
0.884 0.236 0.996&
2.802 1.3%0 0.984
k = 1.11 gCOD gVFS—id-2
K = 0.687 gCOD L-»
Correlation coefficient = 0.966
) $'= 0.1.52
as 0.432 0.049 - 0.994
: 0.568 - 0.098 0.997
1.048 -~ 0.137 0.996
1.635 0.253 . 0.994
3.330 1.335 0.985
: K~ 1.15 gCOD gVFS—:g-1
. K = 0.56% gCOD L-
Correlation dg;;;ECient = 0.983 :
‘o= 1.89
REACTOR B
12 0.348 ‘ 1.302. 0.986
k = 0.43 gCOD gVFS—xd-»
19 0.164 0.024 0.996
. 0.173 0.053 0.930.
0.246 0.097 - 0.969
0.088 0.134 0.961
: 0.388 0.260 : 0.991
. 0.648 1.336 0.995
k = 1.06 gCOD gVFS—1dg—2
K = 0.303 gCOD L—-t
Correlation coefficient = 0.922
7= 0.44 &
_ ”
26 0.212 '0.057 " 0. 945
0.222 0.081 0.998
0.239 0.116 0.992
0. 403 .0.193 : 0.990
1.525 1.407 0.962
- 1.15 gCOD gVFS—1d-2
— 0.4Q9 gCoD L-2

Correlation coefficien

\

artAX

Iononn

0.
O.
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33 0.216
0.274
0.187
0.312
0.621
2.049

x

nwwun

- K
Correlation coefficient

- §
N\

47

N
2]
2]

0opp000
SEEEN
N4

x

- non

. Correlation coefficient

a
\

60 . 0:204
332
.521
0.524 -
. 2.340 - P
k

) K
‘Correlation coefficient

..
\

73 0.232
: 0.340
0.396

0.488

0.49¢

0.779

2.330.

Correlation coefficien

\

artAX

86 - 0.274
0.338
0.378
0.524 -
0.828
. 1.905

L]

I

Correlation coefficien

\

nunH

artXx

,./1
,
rd

0.030 0.993
0.063 0.985
0.093 0.968
0.10%9 0.985
0.241 0.

1.309 - 0.598

1.59 gCdaDp -gVFS—td—2
1.112 gCOD (-2

0.764
0.88

0.026 - 0.985
0.044 0.9%90
0.060 0.992
0.082 : 0.997
0.131 0.993
0.220 ’ 0.974

0.94 gCOD gVFS—id-1
0.356 gCOD L—*

0.966
1.23

0.026 0.990
0.042 . 0.944
0.097 . . 0.998
0.128 0.994
1.234 0.997

1.08 gClbh gVFS—1d—:
0.483 gCoOD L=* :

0.977
1.40

0.024 . 0.986
0.041 - 0.994
0.068 - 0.995
0.092 0.995
0.128 0.992
0.258 0.980
- 1.392 0.987

1.15 gCOD gVFS—:d—2
0.518 gCOD L—*

0.945 }
1.29
0.023 0.998
0. 041 . ~0.996
0.090 " 0.998
0.137 - _  0.99
0.240 - 0.97
1.244 0.909

0.94 gCOD gVFS—1g-3
0.390 gCad L—2
0.962 )

1.30

258 .
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bl

0.448

0.120

0.209 -

0.229
0.319
0.768

Correlation coefficien

1.281

;9'354

0.411
0.361
0.395

1.840

Correlation coefficient

4

0.320
0.420
0.448

0.580,
1. 524;

Correlation coefficient

0.320
0.524
0.446
0.625
1.788

Correlation coeffiéient

0.408
0.510
0.718
0.477

artAX

\

nwnu

N

~

i nn

-
\

x

-3
\

x
wnann

n
\

' REACTOR C

1.265
0.53 gCOD gVFS—:d—2

0.107

3.148

0.271

1.3564

1.52 gCOD gVFS“d“
0.496 gcOD L—*

0.987
0.38

1.406
1.36 gCOD gVFS—id—*

¢. 0350
- 0.100

0.121
0.24%9
1.417

1.73 gCOD g¥FS—3d—3
0.791 gCOD L—2
0.811
0.76
o

0.049
0.068
0.122
0.237
1.665

1.26 gtCap gVFs—%d—=
0.340 gCOD L—3
0.987 :

0.87

0.04%
0.076
0.127
0.248
1.305

1. 27-gcon gUFS—1g-1
0.462 gCOD L-2

0.953
0.99

0.0656
0.122

0.146
0. 231

ey .
“

OOOO
.h

¢

3333

0000



-

(&)

00‘993

2.190 1.411
2 k = 1.42 gCOD gVFS—id—t
_ K = 0.754 gCOD L2
Correlation coefficient = 0.867
' = 0.97 .
86 0.761 0.048 0.987
0.918 0.073 0.887
0.788 0.128 0.998
1.032 0.240 0.994
1.890 - 1.475 0.992
T k = 0.90 gCOD gVFS—ad—2
K = 0.163 gCOD -t
Correlation coefficient = 0.993
" Br= 1.78
” . -
F2. Measurement of Biofilm Methanogenic Activity During
Steady State
HRT  Initial removal Initial substrate “Correlation
) rate concentration coefficient
- d g acetate [—ig—: g acetate L2
REACTOR 1 (2.5 g L—* sucrose)
4.4 0.340 * 0.042 0.950
0.39&6 0.072 0.993
0. 600 0.186 0.993 °
0.712 0.392 - 0.995
0.874 0.582 . 0.987
1.200 0.888 0.979
k = 0.94 gCOD gQVFS—adg—3
_ K = 0.221 gCOD [.-»
Correlation coefficient = 0.959
= 1_03
. & »
2.0 0.37¢C - 060 ke 0.991
’ 0.588 ~ é§.148 0.994 °
1.134 . 326 0.998
1.243 0.5635 ‘0.982
1.604 0.921 , . 0.921
k = 1.18 gCOD gVFS—:g-12
| K = 0.349 gCOD L—3 '
Correlation coefficient'=’0.9§2//
. ' gr= 1,14~
1.0 1.92 0.780, 0.940
0.7 0.528 0.040 0.975
- "~ 0.744 . 0.111 0.995 -

269



0.800

1,353
1.410

Correlation coefficien

0.5 0.754

1.128.

1.248

1.800-

1.764

. Correlation coefficien

artAX

art XX

\

\

I 1

0.155
0. 341
0.595

88 qCOD gVFSf’

C.
0.14S gCOD L—32
0.986 .

1,72

0.144

0.159

0.311

0.35Q

0.875

1.01 gCOD gVFS—*d-—

0.314 gCaOD L—2
C.959
1.746

o

4.1 0.500

1.02
1.26
1.08
1.481
1.760

'Correlation caefficien

240 ) 0.310

N

0. 440

0.740

- 1.330
2 2. 160
. 3.803

- Carrelation coefficien

3.210

0.7 0.710

1.000

. 0.930

w 1.450
‘ 2.760

Correlation coefficient

REACIDR 2 (5.0 g L™* sucrose)

P

¢

artAX

\

artXx

A

k
K

I [

0.045
0.093
0.187
0.377
0.637
0.963

0.995

1.08 gCOD gVFS—id-:

0.144 gCOD L—*

0.975
1.66°

0.039
0.100, .
0.205
0.396
0.4691
1.113

0.991
0.990
0.998
0.997
0.986
"0.989

1.67 gCOD gVFS-id—2

0.770 gCOD.L-2

0.827
1-5

0.7&0

0.042
0.140
0.214
0.401
C. 681

0090 o

3

33

3

0.993

0.80 gCOD gVFS-id—3

0.4035 gCOD L—=*.

0.781

-

2
3

FS

261



: = 2,22 .
0.3 0.63 0.087 . 0.99&
0.95 0.215 0.991
1.13 0.318 - Q.999
1.46 0.401 ) G.998
2.42 0.655 0.996
3.16 T 0.920. . 0.996
k = t.44 gCO gVFS—id-2*
K= 1.469 gCOD L—2
forrelation coefficient = 0.723. ' - .
) : #= 1.76 -
REACTOR 3 (10 g L—* sucrose)
- . *,
4.0 0.979 ‘0.085 - Y0.997
0.588 ) 0.058 J}o.965‘
} 0.847 0.148 0.975
(};88 T 0.315 . 0.996
o e /68 0.580 .0 0.949
- 6.192 1.153- 0.987
k = 1.11 gCOD gVFS—xd-z
) o K = 0.350 gCOD L—1
Correlation coefficignt = ?.914
' gr= 1,52 ;
2.0 1.152 0.115 0.988
‘ 1.728 - 0.200 0.984.
{4.200 0.646 T Q.971
4,632 1.162 Q.994
k = 2.13 gCOD gVFS—2d-=
. - . K = Q.626 gCOD L—2
Correlation caefficient = 0.98& -
: ' #= 2,17
1.0 2.088 0.905 0.997
T 0.7 0.192 0.046, 0.979
0.475 0. 132 0.995
0.548 T 0.156 0.990
1.646 - 0.653 0.997
. k = 0.89 gCOD gypS—2d-2
. K = 0.345 gCOD L—2
Correlation coefficient = 0.993
' Co g7= 1.78
- . o .
0.5 0.619 : k\ 0.179 0.944 -
’ 3.120 . 0.316 0.9%1
4.201 No.590 | - 0.984
S5.632 N 1.140 0.933
k = 1.36 gCOD gVFS—2d—-z2
K‘=

0.536 gCOD L-—=
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Correlation cpefficient = Q.998
’ - g7= 3I.10

p

REACTOR 4 (20 g L—* sucrose)

7.0 0.192 0.040 °

0.999
G.400 0.083 : 0.992 .
0.528 ' 0.178 ’ 0.994
0.876 0.448 0.989
0.364 0.5643 - 0.938
1.267 0.94% _ 0.990
. k = 0.65 gCOD gVFS—id—2
_ . K = 0.237 gCab L—*
Correlation coefficient = C.643
#-= O.86
4.0 0.436 . 0.062 0.982
0.397 ’ , 0.089 0.995
0.588 j 0.181 . 997
0.960 . 0.357 0.988
0.871 Co 0.580 0.995
0.976 o 0.951 Q.999
. - k = Q.96 gCOD gVFS—*d—*
A K = 0.146 gCGOD L2
Correlation coefficient = 0.989
. 8=

1.40

F3. Measurement of Mixed Liquor Methanogenic Acfivity
During Startup |

Time Initial removal - Initial substfate Correlation k

rate . concentration coefficient
d g acetate L—1d-: g acetate L—* *
<

- REACTOR A . 4

7 . 1.768 1.597 0.974 ' 0.36
: 1.811, - " 1.670 ~ 0.988°  0.45
11 " 1.989 - . 1.924 - . 0.938  0.55
1.846 - 1.748 . 0.971 0.47
14 S 1.128 - o 1.132 ~ol9@2 . 0.3%1
0.727 | 1.45% . | . 0.999  0.13
18 0.272 -, . 1.499 . 0.976 - 0.37
2 2 . fy"'



0.548 1.680 0.990 0.43
25 0.202 1.617 - 980 0.22
0.405" 1.701 0.985 0.36
32 0.013 1.790 0:808 . 0.02.
0.010 - 1.630 0.887 0.02
39 less than 0.02 g acetate L—* g—=
N 46 less than 0.02 g acetate L—* g-1
. 59 less than 0.02 g acetate L—1 d-3
72 less than 0.02 g acetate L—3* d-:
a5 less than \%302 g acetate L—2 d—*
* gCOD gvssS—* d—1
REACTOR B
7 1. 560 1.565 0.949 0.48
1.608 1.600 ~9.949 0.43 "
11 0.655 1.853 0.943 0.45
0.434 1.419 . 0.952 0.39
14 0.873 - 1.579 0.998 0.43
1.488 ' 1.435 0.996 0.75
18 0.784 1.621 0.988 0. 66
0.808 1.539 0.966 0.59 .
25  0.076 ; 1.695 0.848 0.20
. 0.093 1.846 0.8563 10.22
32 0.011 1.832 0.831 - 0.02
0.021 1.624° 0.877 0.03
39 less. than.0.02 g acetate L—%-d-: .
- S L '
46 less than 0.02 g acetate L—* d-*
/59 less than 0.02 g acetate L—* d—%
72 - less than 0.02 g acetate L—* d-*
85 - less than 0.02 g acetate L—* d—2

!

T
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Acidogenic agd- methanogenic mixed 'liquor and biofilm

activity were evaluated based on the volumetric removal rate -

were determined using least—squares linear rgﬁressinn. The

slope of the curves represents the volumetric acetate or

. sucrose removal rate, expéessed'as g L=* d=*. The intercept

determines the initial substrate concentration, éxpressed as
i . -

g L™*. ' The corresponding correlation coe#f;;ient is cal-

culated. Maximum specific substrate utilization rates, k,

»

and hal € yelocity'coefficients, K,'we}e determined by using

265

REACTOR C
7 . 1.665 ﬁ1;638 0.994 0.41
‘ 1.809 1.816 0.999 0.43
11 - 1.192 - ¥~ . 740 0.989 0.47-
. . 1.528 740 0.999 0.53
14 1.060 . ' 1.559 0.999 0.56
1.135 1.733 0.996 0.61
' 1 .
18 “0.518 , 1.681 0.987 0.37
0.404 : 1.726 0.996 0.35
25 0.082 1.814 0.961 0.08
0.144 T 2.048 0.881 ,0.15
32 " 0,039 1.952 0.824 0.05
0.087 1.785 0.887 0.07
39 less than 0.02 g‘acetate L=* d-*
46 A less than 0;02 g acetate L—* d—32
59 - less than 0.02 g acetate L—* d—2
72  less than 0.02 g acetate L—* d=*
: s
85 less than 0.02 g acetate L—* d—*.

~of sucrose and acetate réspectively. The degradation curves

Eq. 3.49 and least squares liﬁear regreséion.' Both k and K

-

. S
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aré expréssed in terms o¥‘substrate €0D. ' The corresponding
corrég;tinn coef%i:ient is also calculéted. In some cases
only k was determined. In these éituations it was assumed
that S in.Eq; 3.48 was much_larger than k and that U was
independent of S;‘follnﬁing zero order kinetics. Therefore
U equéls_k. .
Values of ﬁ’ were calculated by substitptiqg the
measured values of k, - K and L. into Eq. 3.12a. The dif-
fusivity is assumed‘to be 80 ¥ of the value reported for
water. A sample calculat{qn follows:
"éteady state HRT 2.0 days; Sa = 5 g Ll"'z sucrose
1. 'ﬁ“remavable bicfilm was placed in the activity test
chamber (surface érea‘tu voluﬁé.ratiu,SO M m—>). Volumetric

acetate removal rates were determined for differgﬁt runs at

hd -

h{J . »
various initial substrate concentrations. *
! . N
; % . .

Initial removal 1Initial substrate Correlation
: rate -concentration coefficient
g acetate L—id-2 g'acetate'L—*
-
0.31 . 0.039 0.991
L 0.46 : 0. 100 0.990
0.74 0.205 0.998
1.33 0.396 0.997
2.16 ' : OC.691 0.986 v
= 3.40 1.113 0.989
. &
2. Based on' a 30 m®m~= surface area to volume ratio the

-

biomass concentration is: @

<
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gVFS L=* = 4.00 gVFS L2 x (S0 m=m—= / 75 m32m—>)

‘Biomass concentration = 2.60 gVFS L—*

3.7 To determine specific SQbstraie 'utilizatinn rate, U,
divide volumetric substrate utilization _by - biomass
concentration for each initial éubstaté concentration.
b = 3.40 g acetate L—*’ d-* 7 2.6 g VFé L—=2

= 1.307 g acetate g . VFS—: S g-
4. 'Determine the value of S/U for each initial substratéﬁ-\\
concentration. '

S/7U

1.113 g acetate' L~=* / 1.307 g acetate g VFS—3 g—3

0.851 g VFS.d L—%

s N U s/u
r
g acetate L-t . g acetate g VFS—* d—1i g VFS d L-3
0.039 L 0.119 ' 0.327 -
0. 100 & . 0.177 0.565
. 0.205 | : 0.285 0.719
0.396 : 0.511 | 0.774
0.4691 0.830 0.832
1.113 § . 1.307 . 0.851
‘ (

9. . Make a plot of S'vs Ssu.
Sa) Slope = k™* = 0.437
k= 1.56 g acetate g VFS—: d o -
1 g acetate = 1.065lg‘bDD;
‘ w

Therefore k

_1.56 g acetate g VFS** d-* x (1.045 g COD g
acetate3=)_= 1.67 g €0D g VFs-1 d",-
éb) Intercept = K k=* = 0.461

K = 0.461 x 1.67

-



R, "

= &L770 g COD -3, s
o) Correiatinnrcpeifi:ieﬁt = 03827
4. The appéregt Thiele modulus, #7, is calculated from

.. 3.21a.

1.67 x 44.3 x 0.122%

g = yo-= . -

‘1.03 x £.80 0.770

= 1.25

5

Ty

Eg.
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